The effect of nitrite ions on the macrocell corrosion behavior of reinforcing steel embedded in cement mortar was investigated by comparing and analyzing the macrocell corrosion current, macrocell polarization ratios, and slopes of anodic and cathodic steels. Based on the experimental results, the relationship between macrocell potential difference and macrocell current density was analyzed, and the mechanism of macrocell corrosion affected by nitrite ions was proposed. The results indicated that nitrite ions had significant impact on the macrocell polarization ratios of cathode and anode. The presence of nitrite could reduce the macrocell current by decreasing the macrocell potential difference and increasing the macrocell polarization resistance of the anode.
Introduction
In reinforced concrete structures, the employment of corrosion inhibitor to prevent the steel corrosion induced by the aggressive ions has been a common practice for many years. The advantage of using inhibitor to provide corrosion protection is due to its easy handling and economical advantage; besides the inhibitor is well distributed throughout the concrete, which means that it protects all the steels. A good inhibitor must have two important features [1] , namely, to reduce the corrosion of steel to the maximum extent and not affect the strength properties of the concrete. Numerous corrosion inhibitors have been suggested, but the detrimental effects of many of them in concrete limit their commercial use. Among the different chemical substances tested as inhibitors of steel corrosion in concrete, sodium and calcium nitrite are those which have shown the best physical-chemical compatibility with concrete. However, sodium nitrite suffers two disadvantages; one is the reduction of concrete strength and the other is the risk of the alkali-aggregate reaction which can be made worse by the addition of sodium salt. The use of calcium nitrite eliminated the disadvantages of sodium nitrite, but in laboratory study, sodium nitrite was often used to investigate the inhibiting effect of nitrite on the corrosion of reinforcing steel.
The role of free nitrite is its oxidizing action upon Fe

2+
which promotes the formation of maghemite Fe 2 O 3 and forms an insoluble stable complex passive layer. The passive layer might actually possess a stratified structure, shifting from a Fe(II)-rich, amorphous inner layer to a Fe(III)-rich, more crystalline outer layer [2] . The properties and compositions of the passive film are not improved by the presence of nitrite ions [3, 4] . The main effect of nitrite is to accelerate the oxidation green rusts into FeOOH phases [5] and cause the formation of a less porous and more compact oxide. While nitrite is absent, the surface of oxide layer possesses more structural defects and higher surface roughness [6] .
As one of the methods to prevent the corrosion of reinforcing steel, nitrite-based corrosion inhibitors, irrespective of being directly added into concrete during the mixing process or penetrating into concrete by the surface-applied remedial treatment, have been widely investigated in chloride contaminated concrete, carbonated concrete, and cracked concrete, and their inhibiting efficiencies also have been checked in simulated concrete pore environment, such as in highly alkaline environment, carbonated environment, and neutral and acid environment. In chloride contaminated concrete, many works have shown that nitrite ions are very effective in shifting the corrosion potential towards 2 Journal of Chemistry electropositive direction [7] , reducing the corrosion rate of steel, delaying the initiation time of corrosion, and raising the chloride threshold level [8] . The inhibiting efficiency of nitrite ions in concrete strongly depends on the cement contents [8] , cement types [7, 9] , and the air void contents of the steel-concrete interface [8] . In carbonated concrete, high CO 3 2− concentration favors the development of a passive film that becomes more compact when nitrite ions are added [10] . According to the study of Alonso and Andrade [11] , nitrite ions have a beneficial effect in reducing the corrosion rate of moderately precorroding steel in carbonated concrete without chloride. However, in the case of carbonated concrete with even low levels of chloride, it was found that nitrite was ineffective and was not enough to reduce the corrosion rate and the steel corroded at a rate similar to that when no nitrite was present in the concrete. Similar results could be confirmed by the study of Ngala et al. [12] . In cracked concrete, Montes et al. [13] and Kondratova et al. [14] found that nitrite alone, in general, had no effect in decreasing corrosion, and the crack condition of the specimens strongly affected the corrosion process. In simulated concrete pore solution, nitrite was found to be effective in inhibiting pit initiation [15] and pit propagation [16] . Chloride threshold level was not only increased with the increasing of nitrite concentration but also affected by pH [17] . The inhibiting efficiency of nitrite decreased when the pH was reduced [18] . In neutral and acid solutions simulating the electrolytic environments of micropores of concrete in the propagation period, any addition of nitrite cannot effectively reduce the corrosion level [19] . Highly alkaline environment plays an important role in assisting nitrite to inhibit corrosion [17] . However, the study done by Mammoliti et al. [20] in synthetic alkaline pore solution indicated that nitrite ions were unsuccessful in increasing the chloride threshold level of steel exposed to chloride and had a minimal effect on corrosion rate once corrosion was initiated.
As mentioned above, although a lot of work has been done to investigate the effect of nitrite ions on the corrosion performance of reinforcing steel, the knowledge level is continuously extending. Up to now, no attention is given to the inhibiting effect of nitrite ions on the macrocell corrosion behavior of reinforcing steel.
Additionally, in these studies mentioned above, the anodic parts and cathodic parts of steel are microscopic in size and located adjacent to each other. Actually, in the field reinforced concrete structures, anodic parts are connected with cathodic parts in a far or near distance, which may be prone to the formation of macrocell corrosion. The formation of macrocell circuit can lead to the transfer of electrons from anode to cathode and the formation of macrocell current flowing from cathode to anode and therefore result in the shift of cathodic potential toward the direction of negative value, which is called macrocell polarization of cathode, and the shift of anodic potential towards the direction of positive value, which is called macrocell polarization of anode. So when nitrite ions are applied to the chloride-contaminated concrete structures, whether nitrite is effective in improving the macrocell current or has an effect on the macrocell polarization of cathode and anode, is very worthy of consideration, and attracts the interests of the author and up to now, no literature gives the answer. What is more, in these studies, the mechanism of nitrite ions to inhibit the corrosion of steel was mainly discussed by the use of microcell corrosion theory and was not explained from the viewpoint of macrocell corrosion theory. So the mechanism of macrocell corrosion affected by nitrite ions was not clear, and as far as known by the authors, no literature clarifies this.
For all these reasons, the main objective of this study was to investigate and clarify the influence of nitrite ions on the macrocell corrosion behavior of reinforcing steel. Firstly, the relationships between macrocell current density and macrocell potential difference of steels in mortars with various nitrite concentrations will be analyzed. Subsequently, the influence of nitrite on the macrocell polarization ratios and macrocell polarization slopes of cathode and anode will be investigated, and then the mechanism of macrocell corrosion affected by nitrite will be proposed.
Experimental
Materials.
Plain round mild steel bars 19 mm in diameter and 180 mm in length were used in the experiment. The chemical composition of the steel was (wt%): 0.146C%, 0.223Si%, 0.521Mn%, 0.019P%, 0.010S%, and balanced Fe. At one end of the steel bar, a lead wire was fixed to the steel by screw and the connection area was sealed by polystyrene (PS) resin. In order to prevent any atmospheric corrosion and enhance the reliability and accuracy of measurement, the two bare ends with 40 mm in length of the steel were firstly coated with polystyrene (PS) resin and then were coated with epoxy resin. The exposed area of the steel was 59.7 cm 2 . The surface of the exposed area was polished by sandpaper number 180 and cleaned with acetone just prior to being placed in the mold so as to ensure the accuracy of the experimental results [21, 22] .
The corrosion behaviors of steel bars were investigated in cement mortar blocks with a dimension of 80 × 80 × 160 mm as shown in Figure 1 . Each mortar block contained a centrally located steel bar and four uniformly distributed small holes which were 6 mm in diameter and 8 mm in distance away from the central steel. For each small hole, polypropylene pipe with 6 mm in outer diameter and 5.8 mm in inner diameter was inserted in the hole and bended upward into 90-degree angle, so that nitrite solution could be easily filled into the holes. The injection of nitrite ions into the four small holes can simulate the process that nitrite ions penetrate into cement mortar and prevent or inhibit the corrosion of steel by surface-applied remedial treatment using nitrite-rich materials. The change of half-cell potential and macrocell corrosion current that resulted from the addition of nitrite solutions can give an intuitive understanding of corrosion mechanism as well as experimental verification on the influence of half-cell potential difference on the macrocell corrosion and polarization.
For each cement mortar block, the mix proportion of water/cement/sand was 0.7 : 1 : 5. Ordinary Portland cement that was utilized had a density of 3.15 g/cm 3 and met the specification requirements of JIS R5210. Sea sand passed through the JIS A 1102 sieve number 4 (4.75 mm opening) and washed by tap water was selected as the fine aggregate. Its density and water absorption were 2.58 g/cm 3 and 1.53%, respectively. The relatively high value of water/cement ratio and sand/cement ratio chosen in this experiment was mainly for the need to increase the permeability of cement mortar and consequently reduce the time that nitrite ions diffuse to the surface of steel. For some specimens, chloride ions (3 wt% of cement) were added into the cement mortar at the time of casting by means of NaCl dissolved in the mix water. When chloride ions were directly added into the cement mortar, there was no time for the steel to be passivated. Additionally, adding chloride ions into the cement mortar had an influence on the properties of mortar. The reasons for doing this in our study were, firstly, to accelerate the corrosion of steel and secondly to produce the same chloride content on the steelmortar interface and so as to easily compare the influence of nitrite concentration on the macrocell corrosion behavior of steels. All the specimens were allowed to set and harden in the mold for 1 day before being demolded and then continuously cured for the next two weeks under water in the 20 ∘ C constant temperature room. After that, they were allowed to dry under a laboratory environment for another two weeks, prior to the beginning of experiment measurements.
Methods.
The experimental design was shown in Table 1 . Each case in Table 1 consisted of two specimens that were defined as A-side and B-side. Polished steels were used in both A-side and B-side in order to give the steels the same initial surface condition and reduce the impact of various steel surface conditions on the macrocell behaviors of the cathode and anode [21] . The specimens in A-side and Bside had the same water-cement ratio but contained different chloride contents. The difference in chloride contents formed a greater potential difference between the steels in A-side and B-side and allowed for clear observation of the macrocell polarization behaviors of the cathode and anode. The chloride content in the specimens of A-side was 0 wt% of cement while the chloride content in the specimens of B-side was 3 wt% of 
Note: in this table, the steel with initial polished surface was marked as P. The w/c ratio of specimen was marked 70. The chloride content (wt% of cement) of specimen was marked as 0 and 3. The serial number of specimens was marked as 19, 20, 27, and 28. For example of P70-0-27, P means the steel had polished surface, 70 means the w/c ratio of specimen was 0.70, 0 means the chloride content of specimen was 0 wt% of cement, and 27 means the serial number of specimens was 27. Cycle types were marked as D, P, Q, R, S, and T, which was illustrated in Figure 2 .
cement which was much higher than the chloride threshold level for active corrosion. The experimental process was also presented in Table 1 and the cycle types were shown in Figure 2 . The specimens in A-side and B-side were firstly disconnected for two weeks and then were connected for another two weeks. These four weeks were defined as one cycle and 22 cycles were carried out in this study. A two-week duration was selected for both disconnected and connected periods, because it was a sufficient amount of time for the recovery and stabilization of steel corrosion state during the disconnected period and was also suitable for the stabilization of macrocell current and macrocell polarization during the connected period.
For Case N1, from 1st to 6th cycle (Cycle D), both specimens in A-side and B-side were exposed to the air, from 7th to 9th cycle (Cycle R), four small holes of specimen in B-side were filled with 3.0 mol/L NO 2 − to increase the nitrite content at the surface of steel in B-side, from 10th to 14th cycle (Cycle S), the nitrite concentration in the four small holes of specimen in B-side was increased to 5.0 mol/L, and, from 15th to 22nd cycle (Cycle T), the nitrite concentration in the four small holes of specimen in B-side was increased to 8.0 mol/L. For case N2, from 1st to 5th cycle (Cycle D), both specimens in A-side and B-side were exposed to the air, from 6th to 7th cycle (Cycle P), four small holes of specimen in B-side were filled with 0.25 mol/L NO 2 − to increase the nitrite content at the surface of steel in B-side, from 8th to 9th cycle (Cycle Q), the nitrite concentration in the four small holes of specimen in B-side was increased to 1.0 mol/L, from 10th to 14th cycle (Cycle R), the nitrite concentration in the four small holes of specimen in B-side was increased to 3.0 mol/L, and from 15th to 22nd cycle (Cycle S), the nitrite concentration in the four small holes of specimen in B-side was increased to 5.0 mol/L.
During the process of experiments, the half-cell potential ( corr ) referred to the Ag/AgCl electrode and the resistance of reinforcing steel (unit: Ω) and resistance of mortar (unit: Ω) were measured at set intervals using the CM-SE1, which is a device developed by Nippon Steel Techno Research for corrosion detection. Since the current imposed by the device was not uniformly distributed on the surface of steel and was greatly affected by the thickness of concrete cover and the diameter of reinforcing steel, the resistance of steel (unit: kΩ⋅cm 2 ) and resistance of mortar (unit: kΩ⋅cm 2 ) were a function of concrete cover thickness and steel diameter. In this study, they were calculated by the auxiliary software of this device, which fully considered the influence of concrete cover thickness and steel diameter. Before the measurement, water-saturated cotton was placed between the electrode of device and the surface of specimen to ensure good current transmission.
For the purpose of this study and following the convention used in practice, microcell corrosion is the term given to the situation where active dissolution and the corresponding cathodic half-cell reaction take place at adjacent parts of the metal part. For the reinforcing steel embedded in chloridecontaminated concrete, this process always occurs in practice, for example, in specimens in the laboratory containing a single bar and in structures reinforced with a single rebar mat. As was shown in this paper, it was the dominant corrosion process in the periods when the steel in A-side was disconnected with that in B-side. Macrocell corrosion can occur when the actively corroding steel is coupled to another steel which is passive or has a lower corrosion rate, because of either its different composition or environment. As was shown in this paper, it was the situation that the steel in Aside was connected with that in B-side.
In order to distinguish the microcell corrosion current density and the macrocell corrosion current density and to better understand the relationship between them, the corrosion current density of steel in the disconnected periods was defined as the microcell corrosion current density of steel [23] [24] [25] [26] . It was calculated by the use of the Stern-Geary equation: mi = / , where was the resistance of steel and was a constant which was commonly considered to be 26 mV for steel in corroded state and 52 mV for steel in passive state.
In the connected periods of each cycle, the macrocell current flowing between A-side and B-side was measured by zero resistance ammeters (ZRA). The macrocell corrosion current density of steel was calculated by the equation: ma = ma / a , where ma was the macrocell current (unit: A) and a (unit: cm 2 ) was the surface area of steel that acted as an anode specimen. The anode specimen was defined as the specimen that produced electrons and could be judged from the direction of current flow. The direct measurement of macrocell current had been used effectively by some researchers. It had the advantage that the current measured was naturally flowing and did not result from the perturbation of the system. Its main disadvantage was that the current flowing within either of the two electrodes was not included and thus the measured macrocell current might be less than the true corrosion current. For some conditions, this effect could be significant, notably when the resistance of the concrete or mortar was too high to support the macrocell activity. For this reason, the specimens in Aside and B-side were partially immersed in water to enhance the electroconductivity of mortar [21, 22] .
Results and Discussion
Time Evolution Curves of Half-Cell Potential and Corrosion Current Density.
The time evolution curves of halfcell potential ( corr ), microcell current density, macrocell current density of steels, and the resistance of mortars for the cases designed in Table 1 were shown in Figure 3 . For Case N1 as shown in Figure 3 (a), the steel in A-side was in passive state and acted as cathode while the steel in B-side was in active corrosion state and acted as anode. So in the disconnected state, it could be found that there was a great difference of half-cell potential, microcell current density between specimen in A-side and specimen in B-side. The gradual increase of nitrite concentration at the surface of steel in B-side by filling the four small holes of mortar with NaNO 2 solution was helpful to investigate the effect of nitrite ions on the microcell and macrocell corrosion behaviors of anodic steel. From 1st to 6th cycle (Cycle D), both the small holes of specimens in A-side and B-side were not filled with any solutions. In the disconnected sate, the half-cell potentials of cathode and anode were about −49 and −412 mV, respectively, while the microcell current density of cathode and anode was about 0.0023 and 0.0632 A/cm 2 , respectively. When the cathode was connected with anode, the macrocell circuit between cathode and anode was formed; the electrons released by the anode were transferred to and consumed by the cathode, which led to the formation of macrocell current flowing from cathode to anode and resulted in the remarkable decrease of half-cell potential of cathode from −49 to −383 mV and the slight increase of half-cell potential of anode from −412 to −396 mV. The slight increase of half-cell potential of anode and the remarkable decrease of half-cell potential of cathode indicated that the anode was so active that the electrons produced by anode were much greater than the electrons consumed by cathode. The macrocell current flowing between cathode and anode was about 0.405 A/cm − , which could increase the nitrite concentration at the surface of steel in B-side (anode) by the diffusion and penetration of nitrite ions. It was well known that nitrite ions could promote the formation of a less porous and more compact passive layer [5, 6] , inhibit the anodic reactions, and decrease the rate of anode to produce electrons. So the presence of nitrite ions on the surface of anode should lead to the increase of half-cell potential toward the electropositive direction and the decrease of microcell current density of anode [7, 8] . However, seen from the experimental results as shown in Figure 3 (anode) was increased to 5 mol/L NO 2 − , which accelerated the diffusion and penetration rate of nitrite duo to the greater concentration difference and therefore led to the further increase of half-cell potential of anode in the disconnected state, the decrease of microcell current density of anode in the disconnected state, and the great decrease of macrocell current density in the connected state. The half-cell potential of anode was increased to −280 mV in the disconnected state of 14th cycle while the microcell current density and macrocell current density were decreased to 0.067 and 0.008 A/cm 2 , respectively. From 15th to 22nd cycle (Cycle T), the concentration of nitrite solution in the four small holes of specimen in B-side (anode) was further increased to 8 mol/L NO 2 − , which greatly accelerated the diffusion and penetration rate of nitrite. The half-cell potential of anode in the disconnected state was finally increased to −180 mV while the microcell current density and macrocell current density were finally decreased to 0.018 and 0.0008 A/cm 2 , respectively. Based on the above results, the effectiveness of nitrite ions in shifting the corrosion potential towards electropositive direction and reducing the corrosion rate of anodic steel was confirmed.
Additionally, during the whole experimental process, the condition of cathode was kept constant while the condition of anode was changed by filling nitrite solution with various concentration into the four holes around anodic steel. So the ability of cathode to consume the electrons was constant, and the macrocell current flowing between cathode and anode was determined by the ability of anode to release the electrons. The presence of nitrite on the surface of anode could inhibit the anodic reaction of anode and weaken the ability of anode to produce the electrons. According the experimental results, the macrocell current flowing between cathode and anode was gradually decreased with the increasing of nitrite concentration on the surface of anode. This not only confirmed the inhibiting efficiency of nitrite on macrocell corrosion but also indicated that the corrosion was controlled by the anodic reaction of anode.
The initial and final concentrations of nitrite solution filled into the holes of anode in Case N2 were different from that of Case N1 and therefore led to the different results. The initial concentrations of nitrite in Case N2 and Case N1 were 0.25 and 3 mol/L. Filling initial 0.25 mol/L NO 2 − in Case N2 resulted in the decrease of half-cell potential of anode from −446 to −717 mV and the increase of microcell current density of anode from 0.078 to 0.31 A/cm 2 and the increase of macrocell current density of anode from 0.23 to 0.39 A/cm 2 , and the time taken for the corrosion rate of anode in Case N2 to reach the highest value was about 60 days. Compared with Case N2, the initial concentration of nitrite solution filled into the four small holes around anode in Case N1 was 3 mol/L and was 12 times higher than that of Case N2. After filling initial 3 mol/L NO 2 − in Case N1, the half-cell potential of anode was decreased from −410 to −590 mV, the microcell current density of anode was increased from 0.063 to 0.228 A/cm 2 and the macrocell current density of anode was also increased from 0.20 to 0.35 A/cm 2 . The time taken for the corrosion rate of anode in Case N1 to reach the highest value was about 4 days and much shorter than that of Case N2. Analyzed from these data, the following conclusions could be obtained. Firstly, in the early stage of nitrite diffusing to the surface of anode contaminated by chloride, the corrosion of anodic steel would be accelerated. Secondly the increase degree of corrosion rate was affected by the initial nitrite concentration. In other words, the lower nitrite concentration had a higher risk to accelerate the chloride-induced corrosion of anode in the early stage, which was consistent with the concern on nitrite ions that insufficient content could exacerbate corrosion rather than reduce it [27] . It should be emphasized that the risk of nitrite to accelerate the chloride-induced corrosion of anode only happened in the early stage of nitrite diffusing to the surface of anode, and the time taken for the corrosion rate of anode to reach the highest value greatly depended on the initial concentration of nitrite. As the nitrite concentration at the surface of anode continued to increase, the ability of nitrite to inhibit corrosion was gradually enhanced, which could lead to the decrease of corrosion rate of anode. The decrease degree of corrosion rate of anode mainly depended on the final concentration of nitrite. By filling the final 5 mol/L NO 2 − in Case N2, the half-cell potential of anode was finally increased to −310 mV and the microcell current density of anode finally reached 0.082 A/cm 2 and the macrocell current density of anode was finally decreased to 0.0044 A/cm 2 . By filling the final 8 mol/L NO 2 − in Case N1, the half-cell potential of anode was finally increased to −180 mV and the microcell current density of anode was finally reached to 0.018 A/cm 2 and the macrocell current density of anode was finally decreased to 0.0008 A/cm 2 . The corrosion rate of anode in Case N1 with the final 8 mol/L NO 2 − was much lower than that in Case N2 with the final 5 mol/L NO 2 − , which indicated that the final nitrite concentration had a significant influence in decreasing the microcell and macrocell current density; the higher the final nitrite concentration was the lower the microcell and macrocell current density were expected.
The decrease of half-cell potential and the increase of corrosion current density of anode after filling nitrite solution into the four small holes of anode might be attributed to the increase of moisture and chloride content at the surface of anodic steel. The reason for high moisture to decrease the half-cell potential and change the corrosion rate of steel had been well analyzed in literature [28, 29] , so here the analysis was mainly focused on the reason of the increase of chloride content. It was well documented in literatures [30, 31] that chloride ions could be present in mortar in the form of chemically bound chloride, physically adsorbed chloride on the pore walls, and free chloride in the pore solution. Because the bound and adsorbed chloride were relatively immobile and might not be transported to the steel surface, only the free chloride contributed to the corrosion process. The degree of chloride binding depended on many factors, such as the quantity of the tricalcium aluminate phase (C 3 A) in the cement, the pH value of pore solution, the cation of chloride salt, and the quantity of nitrite ions. Under the action of C 3 A, pH, cation, and nitrite, the free chloride 8 Journal of Chemistry content in the pore solution would be increased or decreased. In this study, filling nitrite solution into the holes of mortar could greatly increase the free nitrite content of pore solution but had little influence on the quantity of C 3 A, the pH value of pore solution, and the cation of chloride salt. Since the nitrite ions could also be bound by cement hydration products and was affected by the cement composition, pH, the chloride concentration, and the cation of nitrite salt [32] , there was a clear competition for adsorption sites between nitrite and chloride, which suggested that the presence of nitrite ions in pore solution would lead to the transformation of bound chloride. The bound chlorides at the steel surface would be released to form the free chlorides and therefore resulted in the increase of free chloride concentration. The increase of free chloride concentration could accelerate the dissolution rate of anode and thus lead to the decrease of halfcell potential of anode and the increase of corrosion current density. So in the early stage of filling nitrite solution into the holes of mortar, the mole ratio of nitrite to chloride was very low and the rate of nitrite ions to inhibit corrosion was much lower than the rate of chloride ions to accelerate corrosion. However, due to the gradual accumulation of nitrite in pore solution, the mole ratio of nitrite to chloride would gradually increase, which led to the increase of the rate of nitrite to passivate the steel and the decrease of the rate of chloride to dissolve the steel [17] . So in the later stage of filling nitrite solution into the holes of mortar, with the increasing of mole ratio of nitrite to chloride, the corrosion of anode would be inhibited and led to the increase of half-cell potential of anode and the decrease of corrosion current density.
Effect of Nitrite Ions on the Relationships between Δ
and Macrocell Current Density. For macrocell corrosion, the potential difference between anodic and cathodic was one of the important factors to affect the macrocell current. In order to better understand the effect of nitrite ions on the macrocell current, the relationship between potential difference and the macrocell current density was investigated. The definition of potential difference was given in Figure 4 . The Δ corr 1 was defined as the potential difference between cathode and anode during the disconnected periods, and Δ corr 4 was the potential difference between cathode and anode during the connected periods. While Δ corr 2 was the potential difference of cathodic steel during the disconnected periods and connected periods and Δ corr 3 was the potential difference of anodic steel during the disconnected periods and connected periods, the influences of nitrite concentrations on the relationships between Δ corr ( = 1, 2, 3 ) and the macrocell current density were presented in Figures 5 and 6 .
Seen form these figures, firstly it could be confirmed that the presence of nitrite had a significant influence on the Δ corr ( = 1, 2, 3 ) and the macrocell current density. For chloride induced corrosion, low nitrite concentration (such as 0.25 and 1.0 mol/L) could lead to the increase of Δ corr 1 and Δ corr 3 and the increase of macrocell current density, while high nitrite concentration (such as 5.0 and 8.0 mol/L) not only led to the significant decrease of the Δ corr ( = 1, 2, 3) but also resulted in the remarkable 
Polarization ratio of steel in cathode = ΔE corr 2/ΔE corr 1 Polarization ratio of steel in anode = ΔE corr 3/ΔE corr 1 Figure 4 : Definition of potential difference of macrocell corrosion.
decrease of macrocell current density. The effectiveness of adequate nitrite ions to inhibit the macrocell current could be confirmed.
Effect of Nitrite Ions on the Macrocell Polarization Ratios of Cathode and Anode.
In the macrocell corrosion state, it was important to know the relative contributions from the polarization of the cathode, anode, and the mortar resistance, as described by Δ corr 1 = Δ corr 2 + Δ corr 3 + Δ corr 4, which had been graphically illustrated previously [22] . In order to obtain the relative contributions of Δ corr ( = 2, 3, 4) on Δ corr 1 for the cases with various nitrite concentrations, the relationships between Δ corr 1 and Δ corr ( = 2, 3, 4) were plotted in Figure 7 and were fitted by the linear function. The slopes of the lines were defined as the macrocell polarization ratio of cathode, the macrocell polarization ratio of anode, and the macrocell polarization ratio of mortar resistance, respectively. The influences of nitrite concentrations on the macrocell polarization ratios of cathode, anode, and mortar resistance were summarized in Figure 8 . It was found that nitrite had a significant influence on the macrocell polarization ratios of cathode and anode. With the absence of nitrite ions, the macrocell polarization ratio of cathode was much higher than 0.8, and the macrocell polarization ratio of anode was lower than 0.1. The presence of nitrite ions on the surface of anodic steel could effectively weaken the kinetics of anodic reactions and therefore result in the increase of macrocell polarization ratio of anode and the decrease of macrocell polarization ratio of cathode.
Effect of Nitrite Ions on the Macrocell Polarization Slopes of
Cathode and Anode. The macrocell polarization slope of the cathode (anode) had been defined in the macrocell corrosion model proposed by Maruya et al. [25] as shown in Figure 9 . The macrocell polarization slope of cathode was marked as ma-c , while the macrocell polarization slope of anode was marked as ma-a . The ma-c or ma-a can be calculated by the two points that represented the corrosion state of the cathodic or anodic steel in microcell corrosion state (( mi-c , mi-c ) or ( mi-a , mi-a )) and macrocell corrosion state (( ma , ma-c ) or ( ma , ma-a )). The value of the point that represented the corrosion state of cathodic (anodic) steel in microcell corrosion state was obtained by averaging the halfcell potential and the microcell current density obtained in the disconnected periods, while the value of the point that represented the corrosion state of cathodic (anodic) steel in macrocell corrosion state was obtained by averaging the halfcell potential and the macrocell current density obtained in the connected periods. The macrocell polarization slopes of cathode ( ma-c ) and anode ( ma-a ) could reflect the polarization ability of cathode and anode in the macrocell corrosion state [22] . The higher the ma-c , the stronger the ability of the cathode to receive the electrons, which results in a lower macrocell polarization resistance of the cathode. The lower the ma-a , the stronger the ability of anode to produce the electrons, which results in a lower macrocell polarization resistance of the anode. In order to better understand the effect of nitrite contents on the macrocell polarization slopes of cathode and anode, the macrocell polarization angles of cathode ( c ) and anode ( a ) were used instead of the ma-c and ma-a . Due to the relationships that ma-c = − tan( c ) and ma-a = tan( a ), the macrocell polarization angles of cathode ( c ) and anode ( a ) could be obtained. Theoretically, the higher the c , the lower the ability of cathode to consume the electrons, which means the macrocell polarization resistance of cathode is high. The higher the a , the lower the ability of anode to produce the electrons, which means the macrocell polarization resistance of anode is high.
For the cases with various nitrite concentrations, the average values and the standard deviation of macrocell polarization angles of cathode and anode ( c and a ) were analyzed statistically based on the data obtained from the first cycle to the last cycle. The results were presented in Figure 10 . Seen from these results, it could be observed that, with the gradual increase of nitrite concentration on the surface of anodic steel, both c and a were increased, and the increment of a was much higher than that of c . As mentioned above, the increase of c means the increase of macrocell polarization resistance of cathode and the increase of a means the increase of macrocell polarization resistance of anode. It should be noted that the cathode always had the same condition when nitrite concentrations in anode were increased, so in theory, the c should be constant and was not affected by the nitrite contents of anode. The increase of c means the increase of macrocell polarization resistance of cathode, which might result from the increase of mortar resistance of cathode and was not caused by the presence of nitrite in anode. According to the study of López and González [29] , the polarization resistance of (c) Figure 6 : Effect of nitrite concentrations on the (a) relationships between Δ corr 1 and macrocell current density, (b) relationships between Δ corr 2 and macrocell current density, and (c) relationships between Δ corr 3 and macrocell current density, for the Case N2.
steel was proportional to the mortar resistance. Filling nitrite solution into the holes of anode could lead to the decrease of mortar resistance of anode and therefore result in the decrease of macrocell polarization resistance of anode. So in theory, the a should be decreased. However, according to the experimental results, after filling nitrite solution into the holes of anode, the a was increased rather than being decreased, which means the increase of a resulted from the presence of nitrite. So based on the above analysis, the following conclusions could be obtained. The presence of nitrite on the surface of anode could increase the macrocell polarization angle of anode and had little influence on the macrocell polarization angle of cathode. The effectiveness of nitrite to enhance the macrocell polarization resistance of anode was confirmed.
Mechanism for Nitrite Ions to Affect the Macrocell Corrosion.
In the front parts, the effect of nitrite on the macrocell potential and current density, macrocell polarization ratios, and slopes (angles) of cathode and anode had been investigated and analyzed. Based on these experimental results, the mechanism for nitrite to affect the macrocell corrosion was proposed and illustrated in Figure 11 . For the sake of explanation, Case D (cathode without Cl − and NO 2 − , anode with high Cl − and without NO 2 − ) and Case T (cathode without Cl − and NO 2 − , anode with high Cl − and high NO 2 − ) were defined. In Case D, the mortar around cathode did not contain any chloride and nitrite, while the mortar around anode contained high chloride content but did not contain any nitrite. In microcell corrosion state, half-cell potential and microcell current density of cathode were marked as mi-c-D and mi-c-D , while half-cell potential and microcell current density of anode were marked as mi-a-D and mi-a-D . In macrocell corrosion state, the macrocell polarization angles of cathode and anode were marked as c-D and a-D , respectively, and the macrocell current density was marked as ma-D .
In the presence of nitrite in the mortar around anode (Case T), nitrite and chloride coexisted on the surface of anodic steel. Due to the ability of nitrite to rehabilitate the passive film that destroyed by chloride, in microcell corrosion state, the half-cell potential of anode could be increased from mi-a-D to mi-a-T while the microcell current density of anode was decreased from mi-a-D to mi-a-T . In the macrocell corrosion state, the presence of nitrite had little effect on the macrocell polarization angle of cathode ( c-T was almost equal to c-D ) but resulted in the great increase of macrocell polarization angle of anode ( a-T was much higher than a-D ). So the mechanism of nitrite to affect the macrocell Figure 9 : Definition of macrocell polarization slopes and angles of cathode and anode [25] . corrosion was that firstly the presence of nitrite on the surface of anode could decrease the driving force of macrocell corrosion (macrocell potential difference between cathode and anode) and lead to the decrease of macrocell current and secondly the macrocell polarization resistance of anode was enhanced by nitrite, which also could lead to the decrease of macrocell current. Therefore, under the combined effect of the decrease of macrocell potential difference and the increase of macrocell polarization resistance of anode, the macrocell current density was decreased from ma-D to ma-T .
Conclusions
When the cathode was in passive state and the anode was in active corrosion state, the presence of adequate nitrite on the surface of anodic steel could significantly decrease the macrocell current by increasing the resistance of anode and decreasing the macrocell potential difference between cathode and anode.
In macrocell corrosion state, the presence of nitrite had a great influence on the macrocell polarization ratios of anode and cathode. It resulted in the decrease of macrocell polarization ratio of cathode and the increase of macrocell polarization ratio of anode. The gradual increase of nitrite concentration on the surface of anode could lead to the remarkable increase of macrocell polarization slope of anode and had little influence on the macrocell polarization slope of cathode. This means nitrite ions could enhance the macrocell polarization resistance of anode and thus provide effective protection against chloride-induced steel corrosion.
